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5hmC

:   5‐methylcytosine to 5‐hydroxymethylcytosine

AFF4

:   AF4/FMR2 family member 4

BCL11b

:   B‐cell lymphoma/leukemia 11B

BRD4

:   bromodomain‐containing protein 4

CBP

:   CREB-binding protein

CDK

:   cyclin‐dependent kinase

CTCF

:   CCCTC‐binding factor

CTD

:   carboxyl terminal domain

CYCT1

:   Cyclin T1

DNA-PKcs

:   DNA-dependent protein kinase, catalytic subunit

DRB

:   5,6‐dichloro‐1‐*beta*‐[d]{.smallcaps}‐ribofuranosylbenzimidazole

EBF1

:   early B‐cell factor 1

ELL

:   eleven‐nineteen lysine‐rich leukemia

EP400

:   E1A‐binding protein p400

eRNA

:   enhancer RNA

ETS

:   E‐twenty‐six

ETV6

:   ETS variant 6

FOXO1

:   forkhead box O1

H3K27ac

:   acetylation of H3 lysine 27

H3K4me1

:   mono‐methylation of H3 lysine 4

Igk

:   immunoglobulin kappa chain

LMO1

:   LIM domain only 1

LMO2

:   LIM domain only 2

pAS

:   polyadenylation signal

PAX5

:   paired box protein 5

Pcdhα

:   protocadherin α

P‐TEFb

:   positive transcription elongation factor

RNAPII

:   RNA polymerase II

RUNX1

:   runt‐related transcription factor 1

SEC

:   super elongation complex

Sfmbt2

:   Scm‐like with four MBT domains 2

STAG1

:   cohesion subunit SA‐1

TAD

:   topologically associating domain

T‐ALL

:   T‐cell acute lymphoblastic leukemia

TAL1

:   T‐cell acute lymphocytic leukemia protein 1

TCF

:   transcription factor

TERT

:   telomerase reverse transcriptase

TET

:   ten‐eleven translocation methylcytosine dioxygenase

TF

:   transcription factor

TOP

:   topoisomerase

TSS

:   transcription start site

WAPL

:   Wings apart‐like

1. INTRODUCTION {#cas14107-sec-0001}
===============

During cell development, lineage‐specific genes are repositioned from the nuclear lamina to the nuclear interior to establish the cell\'s identity. The immunoglobulin heavy chain locus, the *EBF1* gene for pre‐pro‐B cell to pro‐B cell transition, and the *BCL11b* gene involved at the T‐cell commitment stage are prominent examples of such changes of nuclear localization (Figure [1](#cas14107-fig-0001){ref-type="fig"}).[1](#cas14107-bib-0001){ref-type="ref"}, [2](#cas14107-bib-0002){ref-type="ref"}, [3](#cas14107-bib-0003){ref-type="ref"} B cell and T cell development is controlled by a series of well‐characterized TFs: E2A (TCF3), EBF1, PAX5, and FOXO1 for early B cell differentiation[2](#cas14107-bib-0002){ref-type="ref"}, [4](#cas14107-bib-0004){ref-type="ref"}, [5](#cas14107-bib-0005){ref-type="ref"}, [6](#cas14107-bib-0006){ref-type="ref"}; and Notch1, GATA3, TCF‐1 (TCF7), RUNX1, and BCL11b for early T cell development.[7](#cas14107-bib-0007){ref-type="ref"}, [8](#cas14107-bib-0008){ref-type="ref"}, [9](#cas14107-bib-0009){ref-type="ref"}, [10](#cas14107-bib-0010){ref-type="ref"} The binding of these TFs and global changes of methylation status on genomic DNA define the transformation of accessible chromatin and 3‐D structure of the genome to orchestrate the cell fate.[11](#cas14107-bib-0011){ref-type="ref"}, [12](#cas14107-bib-0012){ref-type="ref"} Such large‐scale nuclear repositioning is tightly regulated by associated cognate enhancers. In the early T cell commitment stage, noncoding RNA *ThymoD* is transcribed from a promoter at one of the superenhancer domains of *BCL11b* (Figure [1](#cas14107-fig-0001){ref-type="fig"}A).[3](#cas14107-bib-0003){ref-type="ref"} The *ThymoD* transcribed region allows the recruitment of insulator protein CTCF to the demethylated CpG residues. *ThymoD* transcription also facilitates the recruitment of a cohesin complex to the transcribed region to form cohesin‐dependent looping and juxtaposition with the enhancer and promoter into a single‐loop domain (Figure [2](#cas14107-fig-0002){ref-type="fig"}). Through this step‐by‐step process, *ThymoD* transcription repositions *BCL11b* superenhancer from a heterochromatic to a euchromatic environment and modulates epigenetic marks across the loop domain to promote phase separation. The cessation of *ThymoD* nascent transcription by the insertion of a pAS disrupts enhancer‐promoter communication, leading to combined immune deficiency and T‐cell leukemia/lymphoma through a reduction of functional activity of lineage‐specific TF and tumor suppressor function of BCL11b (Figure [1](#cas14107-fig-0001){ref-type="fig"}B).[3](#cas14107-bib-0003){ref-type="ref"} In this review, we introduce a mechanism of RNAPII‐mediated transcription, and then mainly focus on the upregulation or downregulation of RNAPII‐mediated noncoding transcription at enhancers, which modulates enhancer‐promoter interaction and ultimately leads to a change in the genome structure in cancer.

![Large‐scale changes in nuclear architecture in early T cell development. A, The B‐cell lymphoma/leukemia 11B (BCL11b) intergenic region is repositioned from the nuclear lamina to the nuclear interior over the course of development. B, Forced cessation of thymocyte differentiation factor (*ThymoD*) transcription abolishes nuclear repositioning and leads to T cell commitment failure](CAS-110-2328-g001){#cas14107-fig-0001}

![Noncoding RNA thymocyte differentiation factor (*ThymoD*) transcription facilitates loop extrusion and enhancer‐promoter communication. A, Chromatin organization of the B‐cell lymphoma/leukemia 11B (BCL11b) and enhancer locus in multipotent progenitors. B, *ThymoD* transcription recruits the cohesin complex and CCCTC‐binding factor (CTCF) to release the BCL11b intergenic region from the lamina. C, *ThymoD* transcription facilitates the formation of de novo loops to bring BCL11b superenhancer to the BCL11b promoter and promote histone exchange and DNA modification](CAS-110-2328-g002){#cas14107-fig-0002}

2. NONCODING TRANSCRIPTION PRODUCES eRNA, lncRNA, AND ENHANCER ACTIVATION {#cas14107-sec-0002}
=========================================================================

Long noncoding RNAs are defined as those having a length greater than 200 nucleotides.[13](#cas14107-bib-0013){ref-type="ref"} Enhancer RNAs generally show low stability and abundance and are infrequently spliced.[14](#cas14107-bib-0014){ref-type="ref"} Both lncRNAs and eRNAs lack an ORF. They are transcribed from enhancers with various histone marks, such as H3K4me1 and H3K27ac, and the occupancy of lineage‐specific enhancer‐binding proteins. They can be detected from the overlapping locus control region, and their expression correlates with enhancer activity. These noncoding RNAs, like other protein‐coding genes, are transcribed by RNAPII. Several functional roles of eRNAs and lncRNAs at enhancers have been proposed, such as colorectal‐specific lncRNA *CCAT1‐L* (CCAT1, the long isoform) transcribed from a superenhancer region of *MYC* and p53‐induced lncRNA named *LED* (lncRNA activator of enhancer domains).[14](#cas14107-bib-0014){ref-type="ref"}, [15](#cas14107-bib-0015){ref-type="ref"}, [16](#cas14107-bib-0016){ref-type="ref"} However, tens of thousands of eRNAs and lncRNAs have been detected in the nucleus, the exact functions of which remain largely unclear.

What controls the spatial organization of the genome during cell development? Two models of nuclear repositioning regarding the correlation between noncoding transcription and nuclear architecture have been proposed.[17](#cas14107-bib-0017){ref-type="ref"} One possibility is that changes in the nuclear organization by lineage‐specific TFs, associated cofactors, and other modifications in chromatin could influence and regulate noncoding RNA transcription. However, it is also possible that RNAPII‐mediated transcription of noncoding regions, such as lncRNAs and eRNAs, itself could activate enhancer regions and reorganize the nucleus. These mechanisms possibly synchronize and partially overlap to facilitate the relocalization of genomic loci.[17](#cas14107-bib-0017){ref-type="ref"}, [18](#cas14107-bib-0018){ref-type="ref"}

Our attempts at inhibiting *ThymoD* transcripts by shRNAs or locked nucleic acids did not result in a change of *ThymoD* expression, *BCL11b* expression, or nuclear localization of the *BCL11b* enhancer. However, forced cessation by inserting a pAS into the region immediately downstream of the *ThymoD* control region 2 affected subsequent steps to generate efficient enhancer‐promoter looping and a change of nuclear localization (Figure [1](#cas14107-fig-0001){ref-type="fig"}B).[3](#cas14107-bib-0003){ref-type="ref"} Similar studies also supported this finding. For example, Engreitz et al[19](#cas14107-bib-0019){ref-type="ref"} revealed pAS insertions at 5 different locations at lncRNA *Bluster* from immediately adjacent to the TSS to 15 kb downstream of it and found that increasing the length of the *Bluster* transcribed region by RNAPII allowed an increase of expression of the target gene *Sfmbt2*. The blocking of the lncRNA upperhand (*Uph*), but not knockdown of the transcript, abrogated expression of the target gene *Hand2*, leading to right ventricular hypoplasia and embryonic lethality in mice. Thus, we mainly focus on how the RNAPII‐mediated transcription contributes to enhancer activation and de novo looping formation between enhancer and promoter.

3. NONCODING TRANSCRIPTION BY RNAPII AT ENHANCERS {#cas14107-sec-0003}
=================================================

The aforementioned lncRNAs and eRNAs at enhancers are uni‐ or bidirectionally transcribed by RNAPII. RNA polymerase II is involved in the transcription of protein‐coding and many noncoding genes.[20](#cas14107-bib-0020){ref-type="ref"} Transcription consists of 4 organized stages: initiation, promoter clearance, elongation, and termination (Figure [3](#cas14107-fig-0003){ref-type="fig"}). RNA polymerase II requires a set of general TFs to be positioned correctly at the promoter inside of the enhancer. The general TFs consist of a set of transcription initiation factors, such as TFIIA, TFIIB, TFIIC, and TFIID (Figure [3](#cas14107-fig-0003){ref-type="fig"}A). These factors are required for transcription initiation from the promoter to start the elongation mode. The P‐TEFb is a multiprotein complex and a cyclin‐dependent kinase that phosphorylates the DRB‐sensitivity‐inducing factor, negative elongation factor, and the CTD of RNAPII. DRB‐sensitivity‐inducing factor and negative elongation factor are required for the stalling of RNAPII downstream of the TSS (Figure [3](#cas14107-fig-0003){ref-type="fig"}B). Transcriptional initiation is also affected by transcriptional elongation and RNAPII pausing, suggesting that the feedback mechanism regulates new initiation.[21](#cas14107-bib-0021){ref-type="ref"} Lu et al[22](#cas14107-bib-0022){ref-type="ref"} showed that, after initiation, cyclin T1 of P‐TEFb and dual specific tyrosine‐phosphorylation‐regulated kinase 1A promotes hyperphosphorylation of the CTD and induces phase separation in vitro and in vivo (Figure [3](#cas14107-fig-0003){ref-type="fig"}B,D). Prephosphorylation by CDK7 of TFIIH strengthens the hyperphosphorylation of the CTD. In contrast to the conventional model, in which the CTD picks up passenger molecules, the mechanism through the hyperphosphorylation of CTD recruits RNAPII into the functional phase‐separated compartment to establish the efficient elongation of RNAPII (Figure [3](#cas14107-fig-0003){ref-type="fig"}D).[22](#cas14107-bib-0022){ref-type="ref"}, [23](#cas14107-bib-0023){ref-type="ref"} Bidirectional transcription at enhancers has been proposed to control initiation through phase separation.[24](#cas14107-bib-0024){ref-type="ref"}

![Stages of transcription and RNA polymerase II clustering. A, General transcription factors (TFII) are required for transcription initiation. TFIIH phosphorylates (P) Ser5 of the RNA polymerase C‐terminal domain (CTD). B, RNA polymerase II (RNAPII) during promoter‐proximal pausing regulates the transition into elongation. At this stage, RNAPII is phosphorylated at Ser5 and Ser7 downstream of the transcription start site. RNAPII is bound by negative elongation factor (NELF) and DRB‐sensitivity‐inducing factor (DSIF). Positive elongation factor b (P‐TEFb) phosphorylates NELF, DSIF, and Ser2 of RNAPII. C, During elongation, the CTD contains lower levels of Ser5P and Ser7P and a higher level of Ser2P, which facilitates super elongation complex (SEC), chromatin modifiers, and RNA‐processing factors. D, CYCT1 histidine‐rich domain in P‐TEFb recruits the RNAPII CTD into a phase‐separated compartment to facilitate the phosphorylation of CTD. AFF4, AF4/FMR2 family member 4; BRD4, bromodomain‐containing protein 4; CBP, CREB‐binding protein; CDK, cyclin‐dependent kinase; CYCT1, Cyclin T1; DNA‐PKcs, DNA‐dependent protein kinase, catalytic subunit; PARP1, poly(ADP‐ribose) polymerase‐1; TOP, topoisomerase](CAS-110-2328-g003){#cas14107-fig-0003}

Super elongation complex includes ELL, P‐TEFb, AFF4, and several other factors (Figure [3](#cas14107-fig-0003){ref-type="fig"}C).[25](#cas14107-bib-0025){ref-type="ref"} ELL is one of the main subunits of SEC and the first translocation partner of the *MLL* (*KMTA2*) gene.[26](#cas14107-bib-0026){ref-type="ref"} Super elongation complex increases the rate of transcriptional elongation of PolII in vitro. Disruption of the elongation stage of transcription has been reported to be involved in the pathogenesis of human diseases, including cancer.[27](#cas14107-bib-0027){ref-type="ref"} The elongation of enhancer transcription involves common regulators, including BRD4 (Figure [3](#cas14107-fig-0003){ref-type="fig"}B). Bromodomain‐containing protein 4 is a member of the bromodomain and extraterminal family of TFs, which is a coactivator and binds to acetylated histone H3 and H4 on chromatin to promote RNAPII.[28](#cas14107-bib-0028){ref-type="ref"} Through this interaction, BRD4 recruits P‐TEFb, mediators, and other TFs to promote the activation at enhancers.[29](#cas14107-bib-0029){ref-type="ref"}, [30](#cas14107-bib-0030){ref-type="ref"} Bromodomain‐containing protein 4 and cofactors preferentially associate with superenhancers. Inhibition of BRD4 leads to the loss of BRD4, mediators, and P‐TEFb at superenhancers and causes the preferential loss of transcription as superenhancers regulate tumor oncogenes.[30](#cas14107-bib-0030){ref-type="ref"}

RNA polymerase II works as a powerful molecular motor and must transcribe supercoiled DNA against the torsional state. RNA polymerase II can generate torque, which regulates the transcription rate and pausing.[31](#cas14107-bib-0031){ref-type="ref"} The excessive accumulation of torque is associated with transcription stalling and DNA structure. Transcription‐generated supercoiling also changes or releases bound proteins.[32](#cas14107-bib-0032){ref-type="ref"}, [33](#cas14107-bib-0033){ref-type="ref"} Torsion generated by RNAPII can evict histones.[32](#cas14107-bib-0032){ref-type="ref"}, [33](#cas14107-bib-0033){ref-type="ref"}, [34](#cas14107-bib-0034){ref-type="ref"} To aid the progression of RNAPII transcription, RNAPII is associated with factors including energy‐dependent chromatin remodelers, modifiers adding histone posttranslational modifications, and histone chaperones.[35](#cas14107-bib-0035){ref-type="ref"} To protect against the spontaneous destruction of genomic DNA during transcription, topoisomerase I is recruited to functional enhancers to relax both negative and positive supercoils (Figure [3](#cas14107-fig-0003){ref-type="fig"}B,C).[36](#cas14107-bib-0036){ref-type="ref"} DNA damage response machinery including DNA ligase IV, ataxia telangiectasia mutated, KU80, exonuclease 1, bloom syndrome protein, and DNA ligase I also work at transcriptional enhancers.[36](#cas14107-bib-0036){ref-type="ref"} Histone H1 and poly(ADP‐ribose) polymerase‐1 bind exclusively at RNAPII‐transcribed promoters. Poly(ADP‐ribose) polymerase‐1 is enriched and H1 is depleted at these promoters (Figure [3](#cas14107-fig-0003){ref-type="fig"}B,C).[37](#cas14107-bib-0037){ref-type="ref"}

4. ENRICHMENT OF OXIDIZED METHYLCYTOSINE AT ENHANCERS {#cas14107-sec-0004}
=====================================================

Nascent transcription at enhancers is associated with hypomethylated DNA and a prominent hypomethylated superanchor was found to be located downstream of the Ig heavy chain locus.[11](#cas14107-bib-0011){ref-type="ref"} The TET catalyzes the modification of the DNA base 5hmC, 5‐formylcytosine, or 5‐carboxylcytosine. The former is enriched on TF binding sites.[38](#cas14107-bib-0038){ref-type="ref"} Moreover, the loss of Tet2 and Tet3 in murine early B cells was shown to block the pro‐ to pre‐B differentiation in bone marrow.[39](#cas14107-bib-0039){ref-type="ref"} However, it is still unclear whether methylcytosine oxidation recruits unknown factors to open chromatin and then a TF binds there, whether TFs recruit TET proteins, or whether both of these mechanisms cross‐talk with each other.

The enrichment of 5hmC at enhancers is mediated by TET proteins, but also the blocking of access of DNA methyltransferase by the physical presence of a TF. TET2 binds to enhancers and facilitates the recruitment of estrogen receptor‐α.[40](#cas14107-bib-0040){ref-type="ref"} The loss of TET2 in native hematopoiesis and transformed acute myeloid leukemia attenuates the binding of basic helix‐loop‐helix TFs on enhancers.[41](#cas14107-bib-0041){ref-type="ref"} Lineage‐specific TF PU.1 coimmunoprecipitates with TET2. Knockdown of E2A or PU.1 was also shown to decrease chromatin accessibility and increase CpG methylation at the Igk3′ and distal enhancers.[39](#cas14107-bib-0039){ref-type="ref"} In contrast, histone exchange contributes to the prevention of DNA methylation at CpG islands. Recruited chromatin remodelers and EP400 promote the stable incorporation of histone variants H2A.Z and H3.3 into enhancers and promoters and facilitate transcription.[42](#cas14107-bib-0042){ref-type="ref"} H2A.Z antagonizes DNA methylation to protect promoters from DNA methylation and activate genes.[43](#cas14107-bib-0043){ref-type="ref"} H2A.Z is enriched in euchromatic regions and prevents the spread of heterochromatin.[44](#cas14107-bib-0044){ref-type="ref"} *ThymoD* transcription facilitates the demethylation and incorporation of H3.3 onto the transcribed region at superenhancers to recruit CTCF/cohesin for efficient loop extrusion.[3](#cas14107-bib-0003){ref-type="ref"} Canzio et al[45](#cas14107-bib-0045){ref-type="ref"} recently showed that noncoding transcription‐mediated demethylation also contributes to the binding of CTCF on Pcdhα promoters. An R‐loop consists of a DNA : RNA hybrid and nontemplate single‐stranded DNA. Antisense lncRNA *TARID* (TCF21 antisense RNA inducing promoter demethylation) generates an R‐loop at the *TCF21* promoter. GADD45A (growth arrest and DNA damage protein 45A) binds to R‐loops and recruits TET1 to promote local DNA demethylation.[46](#cas14107-bib-0046){ref-type="ref"}, [47](#cas14107-bib-0047){ref-type="ref"} These reports suggest that RNAPII‐mediated transcription controls demethylation at enhancers.

5. FACTORS ASSOCIATED WITH NONCODING RNA TRANSCRIPTION ON ENHANCERS TO FORM A DE NOVO ENHANCER‐PROMOTER DOMAIN {#cas14107-sec-0005}
==============================================================================================================

CTCF is a zinc‐finger protein and main regulator of transcriptional insulation and loop‐anchors in a convergent orientation in which sequence motifs are facing each other.[48](#cas14107-bib-0048){ref-type="ref"}, [49](#cas14107-bib-0049){ref-type="ref"} RNA polymerase II‐mediated transcriptional activity occurs within the CTCF/cohesin‐mediated chromatin structure, and most RNAPII‐mediated loops are smaller than CTCF loops.[50](#cas14107-bib-0050){ref-type="ref"} Cohesin localization preferentially takes place on either convergent or transcriptionally active genes, suggesting that cohesin movement is associated with RNAPII (Figure [4](#cas14107-fig-0004){ref-type="fig"}A).[51](#cas14107-bib-0051){ref-type="ref"}, [52](#cas14107-bib-0052){ref-type="ref"} A component of the cohesin complex, STAG1, interacts with SEC components including AFF4, ELL2, cyclin T1, and CDK9. Additionally, STAG1 interacts with RNAPII (Figure [3](#cas14107-fig-0003){ref-type="fig"}A). Reduction of RNAPII Serine 2 and 5 phosphorylation by the addition of DRB and flavopiridol decreased precipitated STAG1, indicating the direct molecular interaction of SEC, cohesin complex, and RNAPII.[53](#cas14107-bib-0053){ref-type="ref"} The distribution of cohesin depends on transcription, the position of CTCF, and the cohesin‐releasing factor WAPL (Figure [4](#cas14107-fig-0004){ref-type="fig"}A). Following the knockdown of CTCF and WAPL, cohesin complex accumulates at the central position between transcriptionally convergent genes, referred to as a cohesin island, indicating that cohesin sliding is dependent on RNAPII activity (Figure [4](#cas14107-fig-0004){ref-type="fig"}B).[54](#cas14107-bib-0054){ref-type="ref"} Cohesin depletion decreases transcription on the gene body and frequently increases the level of paused RNAPII on cohesin‐binding genes, indicating that the cohesin complex also contributes to the promotion of RNAPII activity from pausing to the elongation step.[55](#cas14107-bib-0055){ref-type="ref"} *ThymoD* transcription facilitates cohesin loading and sliding on its transcribed region. The forced cessation of *ThymoD* nascent transcription by the insertion of a pAS led to loss of enhancer activation, leading to disruption of the efficient interaction between the enhancer and *BCL11b* promoter (Figures [1](#cas14107-fig-0001){ref-type="fig"} and [2](#cas14107-fig-0002){ref-type="fig"}).[3](#cas14107-bib-0003){ref-type="ref"} Transcription can affect the genome 3‐D structure on the influenza A virus infection model. Influenza A virus NS1 protein globally inhibits transcription termination, leading to readthrough transcription (Figure [4](#cas14107-fig-0004){ref-type="fig"}C,D).[56](#cas14107-bib-0056){ref-type="ref"} Readthrough transcription can allow TF binding on the heterochromatic region and convert the chromatin status from a transcriptionally inert to a permissive environment (Figure [4](#cas14107-fig-0004){ref-type="fig"}D).[56](#cas14107-bib-0056){ref-type="ref"} Taking these findings together, cohesin recruitment and relocalization are also regulated by RNAPII transcription.

![Transcription‐mediated cohesin translocation and models depicting noncoding mutation in cancer. A, Transcription can relocate cohesin into the CCCTC‐binding factor (CTCF) binding site. Wings apart‐like (WAPL) can release cohesin at the 3′‐ends of transcribed genes. RNAPII, RNA polymerase II. B, Cohesin accumulates at 3′‐ends in CTCF and WAPL double‐knockout (KO) cells. C, In an uninfected setting, boundaries are maintained by the efficient cessation of transcription. D, Influenza A NS1 protein allows global readthrough transcription beyond 3′‐ends. Readthrough transcription disrupts cohesin/CTCF‐mediated loops and causes a change of compartment from an inactive to an active state. E, Insertions in the upstream noncoding region form a de novo MYB binding site, which drives *TAL1* expression. F, SNP, deletion, or inversion in CTCF binding site can alter topologically associating domain structure and gene transcription. G, Aneuploidy is associated with global enhancer activation](CAS-110-2328-g004){#cas14107-fig-0004}

6. DYSREGULATED NASCENT TRANSCRIPTION IN CANCER {#cas14107-sec-0006}
===============================================

Based on the mechanism of activation through RNAPII‐mediated transcription, single nucleotide variations, mutation, small deletion, inversion, or insertion at the TF binding region at enhancers would potentially decrease or increase the activity of noncoding transcription. These genetic alterations could lead to changes in chromatin topology and the expression level of tumor suppressors or oncogenes involved in any process from the initiation to the final process of tumorigenesis, including metastasis. It has been reported that mutation in the noncoding promoter region of *TERT* changes a consensus binding site for ETS TFs and increases the transcriptional activity by 2‐ to 4‐fold in melanoma, bladder, and hepatocellular cancer cells.[57](#cas14107-bib-0057){ref-type="ref"}, [58](#cas14107-bib-0058){ref-type="ref"}, [59](#cas14107-bib-0059){ref-type="ref"} Somatic noncoding mutations generate de novo TF binding sites near the *TAL1*,*LMO1*, and *LMO2* oncogenes in T‐ALL. Insertions in the upstream noncoding region of *TAL1* introduce a de novo MYB binding motif that recruits coactivators and RNAPII, and forms an H3K27ac marked superenhancers that activates oncogenic *TAL1* expression (Figure [4](#cas14107-fig-0004){ref-type="fig"}E).[60](#cas14107-bib-0060){ref-type="ref"} Small genomic insertions form enhancers leading to the misregulation of oncogenes in several types of tumor. For example, somatic short insertions in leukemia are frequently observed in an enhancer near the *LMO2* oncogene and activate it, which increases *LMO2* transcription.[61](#cas14107-bib-0061){ref-type="ref"} Heterozygous intronic mutations that create novel MYB, ETS1, or RUNX1 binding sites to increase monoallelic *LMO2* overexpression are frequently observed in pediatric and adult T‐ALL patient samples.[62](#cas14107-bib-0062){ref-type="ref"} Somatic noncoding regulatory mutation has also been discovered in T‐ALL, owing to the de novo formation of an MYB binding site linked to the recruitment of coactivators and RNAPII‐mediated transcription.[63](#cas14107-bib-0063){ref-type="ref"} These are representative examples of mutations in promoters or enhancers that alter TF binding sites to modulate the looping pattern and activity of oncogenes.

Deletion and inversion of DNA fragments with CTCF/cohesin‐binding sites disrupt the TAD structure and change the transcription of related genes.[64](#cas14107-bib-0064){ref-type="ref"}, [65](#cas14107-bib-0065){ref-type="ref"} Haplotype variants change monoallelic CTCF‐mediated chromatin topology and function, with a link to disease risks (Figure [4](#cas14107-fig-0004){ref-type="fig"}F).[50](#cas14107-bib-0050){ref-type="ref"} Cohesin is present in active enhancer regions and colocalizes with CTCF. Cohesin subunits are mutated in cancer. Frequent point mutations at CTCF/cohesin‐binding sites, especially accumulating in the CTCF motif, were identified in colorectal cancer as well as multiple other cancer types, indicating that cohesin‐binding sites are a major hotspot in noncoding regions in cancer.[66](#cas14107-bib-0066){ref-type="ref"}

Mutation in the B‐cell‐specific TF *PAX5* enhancer in chronic lymphocytic leukemia, diffuse large B‐cell lymphoma, follicular lymphoma, and mantle‐cell lymphoma leads to a reduction of *PAX5* expression, possibly acting as a driver event linked to the development of these tumors.[67](#cas14107-bib-0067){ref-type="ref"} Somatic noncoding mutations are detected at enhancer expression quantitative loci in specific cancers. The somatic expression quantitative loci network is disturbed in 88% of tumors, indicating that noncoding mutations are involved in clonal evolution.[68](#cas14107-bib-0068){ref-type="ref"} Notably, global enhancer activation is associated with aneuploidy, not mutation load, which tends to increase the likelihood of DNA rearrangements. In contrast, enhancer silencing is associated with mutation (Figure [4](#cas14107-fig-0004){ref-type="fig"}G).[69](#cas14107-bib-0069){ref-type="ref"}

Another example is that the reduction of insulator proteins, such as CTCF and cohesin, could lead to transcriptional dysregulation in cancer. Yang et al[70](#cas14107-bib-0070){ref-type="ref"} showed that low expression of CTCF and cohesin in hyperdiploid pediatric B‐cell precursor acute lymphoblastic leukemia, compared with the levels in ETV6/RUNX1‐positive ALL, tends to be associated with the dysregulation of gene expression linked to a reduction of loss of TAD boundary strength and insulation at TAD borders, possibly involved in a leukemogenic effect.

7. CONCLUDING REMARKS {#cas14107-sec-0007}
=====================

We described that genetic alteration potentially affecting RNAPII‐mediated transcription at enhancers leads to modulation of the looping pattern and target gene expression in cancer. These candidate genetic alterations identified by next‐generation sequencing need to be confirmed by future studies. The prominent feature observed in ThymoD p(A)/p(A) tumors is a variable expression status of *ThymoD* and a change of the nuclear localization of the genome from the nuclear lamina to the nuclear interior. This suggests that acquired mutations can remodel enhancer activity in cancer with the originally same noncoding mutation (Figure [5](#cas14107-fig-0005){ref-type="fig"}).

![Enhancer remodeling in thymocyte differentiation factor (*ThymoD*)‐deficient T‐cell tumors. A, Development of leukemias and lymphomas in *ThymoD* p(A)/p(A) mice. Tumors had lower *ThymoD* transcription near or on the nuclear lamina. B, The B‐cell lymphoma/leukemia 11B (BCL11b) intergenic region was repositioned from the lamina to the nuclear interior in tumors with higher *ThymoD* transcription](CAS-110-2328-g005){#cas14107-fig-0005}
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